A n article on the F rench tidal energy schemes appeared four years ago (Ja n u a ry 1963) in this Review. O ne of these was plan n e d for the estuary of the Ranee, a sm all coastal river th a t falls into the C hannel between D in a r d a n d Saint-Malo, the other for the extensive sea-area stretching fro m Mont-Saint-Michel to the Ghausey Islands, a n d fro m Gancale to G ranville. These schemes h a d been d ra w n u p in the years im m e d iate ly fo llo w in g the Second W o r ld W a r, at a tim e w hen the pow eroutlook in France seemed som ew hat gloom y : d e m a n d was increasing c o n tin u a lly w ith no qu ic k ly available source in sight. It was, it is true, believed th a t u ltim a te ly nuclear energy m ig h t w ell be applied in in d u s try b ut the time-lag was over-estimated and, in a d d itio n , it was feared that the cost w o u ld not be competitive. T idal energy therefore was ha iled as a w elcome solution, and it seemed no w ild dream to envisage its exploitation over so w ide a n area as the bay of Mont-Saint-Michel.
It was this th a t lay behind the Chausey Isla n d s tid a l energy scheme. H ithe rto h y d ra u lic power h a d been d ra w n on ly fro m rivers ; the sea m ig h t raise unexpected problem s and it w o u ld have been rash to em bark on so far-reaching an enterprise w ith o u t first fin d in g the answer to a ll the difficulties encountered on a sm aller scale. In 1950 the Ranee estuary was accordingly chosen as a pilot-scheme, on a power-producing scale of about one-fiftieth. In itia l studies were im m e d iate ly pushed ahead， a nd b u ild in g started at the beginning of 1961. Progress was rapid, b u t so m u c h was involved th a t it took five years to complete the civil engineering w o rk and another year to fin is h in s ta llin g the equipm ent. L ike all great enter prises that do credit to the n a tio n 's in d u s try a n d contribute to the development o f its economy, the p lan t was officially opened by the President of the F rench R e pu b lic on 26 November 1966.
A ll th a t has still to be done is to complete the delicate task of b ringing in to service the 24 turbo-alternators as each is m o un te d in position. It is anticipated th a t the p lan t w ill be w o rk in g n o rm a lly d u rin g the th ird quarter of 1967，very little later th a n the target date.
W h e n the earlier article appeared, the construction of the d a m and p la n t h a d n o t progressed sufficiently for a description of the w ork to be o f m u c h interest. O n ly a couple of photographs were in clu de d , to illu strate the large scale a n d the difficulties involved. In this article, we shall sum m arise w h a t has been done and follow this by some observations on present-day ideas on the use o f tidal energy.
The co nstructio n of the R anee plan t (begun, as we said, in 1961) called fo r a pe rm a n e n t lab o ur force of several hundreds, rising at one period to n early a thousand.
The sections th a t were supported on the river banks were com pleted fa irly q u ic k ly . O n the D in a rd side a lock, w ith o u t w h ich navigation between the sea a n d the estuary w ould be im possible, was b u ilt on b an ks th a t are d ry at low w ater. T his was protected by a huge concrete w a ll w h ic h was later incorporated in the a ctu al p la n t. This w ork was finished in November 1962. O n the other b an k , a g ro u p of six sluice-ways was b u ilt between P ointe de la B ria n ta is a nd a ro c ky island (the Ghalibert Rock) about 150 metres fro m the P o int. T he purpose of these is, at certain periods of the tide, to accelerate the fillin g or e m pty ing of the basin. The v^ork was carried out on the dry bed o f the river, inside a w atertight enclosure form ed by two coffer-dams r u n n in g between the Chalibert R ock a n d the river, a n d then em ptied by p u m p in g . These were constructed fro m huge cribs of m e tal sheet-piles, c ircu lar in form , w ith a diam eter of 20 metres, w h ic h were b u ilt in situ, one ag ain st the other, sun k some distance into the solid earth a nd filled w ith sand. The six adjustable gates w h ich can produce a total flo w of 10 000 cubic metres per second were b ro u g h t into service in M arch 1963 after the rem oval o f the coffer-dams.
The greater p a rt of the re ta in in g d a m lies between the lock a n d the G halibert R ock a nd so completes the deep-river work. It is over 500 metres in length, two-thirds of this being the power-plant itself, follow ed by a stone-bedded fixed dyke; this latter takes the place of a section of the p la n t th a t appeared in the in itia l p la n but was later abandoned.
The lay-out a n d size of the p la n t resemble those of the big m odern low-head hydro-electric plants. The lower part, w hich is housed-in, is 10 metres below lowest low w ater and is also the busiest. It contains arranged in paralle 】24 double-funnel shaped tunnels designed to concen trate, in either direction, po w e rfu l jets of w ater on the turbines of the bulb-units housed in their central portion, leaving a play of no m ore th a n a few m illim e tre s a t the m ost fo r the rotation of the blades. The turbines, 5.35 metres in diam eter a nd w ith variable-angle blades, revolve at about 94 r.p.m . a n d activate alternators w ith a n o m in a l power of 10 000 k W w hen contained in an atm osphere at double n o rm a l atm ospheric pressure. E ach group of eight bulb-units is connected to a transform er placed above the tunn e ls w h ic h raises the voltage delivered to 225 000 volts. This can then be fed in to the n a tio n a l g rid. As in all hydro-electric plants of this type, the upper p a rt contains the h a n d lin g a n d control e qu ip m e n t concen trated on a huge control panel. In additio n, pow erful travelling cranes allo w the bulb-units to be w ith d ra w n for m aintenance, after c u ttin g off from the flow of w ater the tu nn e ls in w h ic h the units are contained, by closing w ater-tight valves fitted at each end.
Since the pow er-plant is an in te g ral p a rt of the d a m ，its upper p a rt rises a little above the level of the highest h ig h w ater (this being about 13.5 metres above the lowest low). T hus the concrete w alls of the c o nstru ction are abo ut 26 metres in height, fro m the fo u n d a tio n s of the p la n t to its top. T his top, m oreover, carries a w ide road w h ich , r u n n in g over the fixed dyke also a nd the sluices, cuts dow n the road distance fro m Dintard to SaintServan fro m 37 kilom etres to 7.
L ik e the sluices, the fixed dyke a n d the p la n t were b u ilt on the dry river-bed. T his tim e , however, the w o rk w as done inside a huge enclosure nearly 25 acres in area, form ed by tw o large coffer-dams r u n n in g fro m the lock to the Chalibert Rock. Here the engineers cam e u p ag ain st a special p ro b lem quite outside the n o rm a l r u n o f difficulties encountered w hen dealing w ith a river. The co m pletio n of the down-stream coffer-dam h ad the effect of closing the Ranee estuary, in other w ords of c u ttin g off a flow th a t w ith a strong tide can rise to 18 000 cubic metres a second, or about three tim es th a t of the Rhone in flood at A vignon.
This d iv id in g coffer-dam was, in prin c ip le , to have been b u ilt w ith pile-plank cribs s im ila r to those used fo r the sluice enclosure, th o u g h considerably higher, reaching 26 metres in the deep p a rt of the river. As the w o rk proceeded, however, it g ra d u a lly narrow ed the gap left for the w ater a nd in spite of the safety-valve provided by the wide-open sluice gates, the difference in level between the w ater u pstream a n d d o w n stre am became m ore pronounced, first on one side a n d the n on the other, as the tide changed. The currents became stronger a n d threatened the constru c tion a nd sta b ility o f the cribs. Studies, based on a m odel of the Ranee reduced to a scale-of 1/150，m ade it clear th a t w he n ten of the cribs were in position, leaving a n opening between the m of 360 metres, the fin a l closing-up co uld be effected only by in tro d u c in g a m ore elaborate procedure. The m ethod chosen involved the p rio r in s ta lla tio n of 19 "lig h t " supportpo in ts; these consisted of long cylinders of reinforced concrete n ine metres in diam eter. They were m ade in the port of Saint-M alo a n d tcrwed，floating, to the w o rk in g site. There, before being fille d w ith sand, they were lowered vertically in to fo u n d a tio n s prepared on the bed of the Ranee by m en w ork in g 20 to 25 metres underw ater in a large d iv in g caisson. The intervals between the support-points were then filled in , first tw o by tw o to keep the gaps divide d ; the n the w hole length was covered by c u rta in s of concrete slabs. The new suppo rt points so produced served as the fo u n d a tio n s for cribs even m ore m assive th a n the first.
As the n u m b e r a n d the w id th of the gaps in the coffer-dam decreased, so the difference in the water-levels increased, u n til in the last springtide periods it w as over three metres. The flo w of w ater connecting the two levels follow ed elegant curves along the sides of the concrete cylinders a nd as the curren t swept th ro u g h each gap it set u p a seething w ash w hose b o ilin g fo a m stretched for several h u n d re d metres. The engineers, however, were not p a rtic u la rly captivated by the beauty of the scene; it represented for the m sim p ly one more of the disconcerting aspects of their m o n th s old struggle w ith w in d a nd tide.
It was the w in d that m ost often gave the m cause for concern, since in w ild northw esterly weather the rocks a n d islets sheltering the SaintMaJo roadstead allow ed the entry, p a rtic u la rly at h ig h tide, o f waves o f considerable h e ig h t w h ic h broke against the cribs a n d threatened to loosen th e m a n d so im p a ir the w atertightness of the coffer-dam. The tides, a g a in ， provided a d ra m a tic episode to m a rk the closing of the fin a l gaps. Between the periods of slack w ater, w h ic h w as the o n ly tim e the w o rk c o uld be carried o ut, the currents ha d become so strong th a t in a few hours they eroded the ro c k y bed of the river to a great d e p th ，and it w as feared th a t the s u p p o rt po in ts w o u ld be swept aw ay a n d the cribs w o u ld p u ll out fro m the ir seating in the rock. S olutions h a d to be fo u n d w ith great urgency to m eet the n a tu re a n d the strength of this threat : solutions th a t were som etim es in tricate , som etim es rou gh a n d ready, as for exam ple the fillin g u p o f a m assive erosion th a t d u g out a trench over two metres deep, b y r a p id ly s in k in g som e 50 concrete blocks each w eigh ing several tons.
F in a lly , after m a n y ag o n ising hours, the sealing-off of the estuary w as fin is h e d on 20 J u ly 1963，precisely on tim e. A ll th a t then h a d to be done w as to close the sluices a n d the lock in order com pletely to s h u t off the b asin fro m the sea and to b u ild the upstream coffer-dam of the enclosure in c alm w ater. Once the enclosure h a d been em ptied, it w as the scene of intense a ctiv ity devoted to b u ild in g the power p la n t a n d the e m b a n k m e n t. A nyone trav e llin g along the dcrwnstream coffer-dams at the tim e of h ig h w ater could not fail to be im pressed by seeing on one side, a lm o s t at his feet, the waves beating a gain st the cribs，w h ile in the other dire ctio n, 25 or 30 m etres low er dow n, there w as a n a rm y of tractors a n d bulldozers at w ork , a n d q u ite close a huge concrete fra m e w o rk rose u p a lm o s t to his o w n level, w ith m e n b u sily em ployed u p o n it. B y the b e g in n in g o f 1966 the d a m co uld be regarded as fin ish e d a n d the coffer-dams were progressively rem oved. O n ly w o rk on the e q u ip m e n t a n d in clearing u p is n o w going o n in sid e the p la n t, now largely below w ater level. O ne qu arter of the groups are at the m o m e n t in w o rk in g order, a n d have already been used to produce current.
In a few m o n th s ' tim e the new electric pow er station w ill be com pletely finishe d , a n d after a ru n n in g -in period it w ill be able to enter in to n o rm a l service.
P ro d u c tio n w ill of necessity be in te rm itte n t since the turbine s can be used d u r in g o n ly tw o periods in each tide* The m ost favourable corresponds to the e m p ty in g o f the basin in to the sea th ro u g h the tu nn e ls th a t h o ld the b u lb -u n its; this begins a b o u t half-w ay th ro u g h the outgoing tide a n d can last a lm o s t fo u r hours u n til slack w ater o n the ebb. The he ight of fa ll is relatively large a n d in consequence p ro d u c tio n of pow er is very consider able. In the other period, w h ic h begins about two hours before and finishes sho rtly after h ig h w ater, it is the sea th a t，flo w in g in the opposite direction, raises the u p s tre a m level. In this case the difference in level th a t can be used is n o t so great. O verall p ro d u c tio n can be im p roved by using the b ulb-units to raise the level of the b asin s till hig h er by p u m p in g w ater in to the sea for some tim e after h ig h w ater. The q u a n tity of w ater so raised to a s lig h tly hig h er level w ill later be returned w ith a sufficiently h ig h head a n d so, in spite of losses in conversion, w ill produce m ore pow er th a n is lost by p u m p in g . E co n o m ic considerations m u s t ob vio usly determ ine the w ay in w h ic h the p la n t is to be used, w ith in the lim its im p o se d b y technical c o nd itio ns. The p rin c ip le ，accepted after len g thy studies, is based on the use o f a n electronic o rd in a to r, to be in sta lle d at N antes, w h ic h w ill c o n tin u o u s ly calculate the cost price o f a kilow att-hour as a fu n c tio n of the d e m an d s at th a t m o m e n t, in p a rtic u la r the re q u ire m e n ts to be satisfied a n d the c o nd itio ns o f p ro d u c tio n of a ll the co un try 's electrical pow er stations. This w ill im m e d ia te ly determ ine how the tid a l energy p la n t can m ost a dva nta g eo u sly be used at the m o m e n t in question.
The great fle x ib ility of p ro d u c tio n so o b ta in e d w ill he lp to m in im is e a n in h e re n t d isadvantage in electricity, for th is c a n n o t be stored a n d m u s t therefore be used as a n d w hen it is produced. In p a rtic u la r，if the tid a l phase lends itse lf to p u m p in g activ ity at the same tim e as electricity pro d uced by heat is available (for exam ple on a S u n d ay a fte rn o o n in sum m e r w he n in d u s tr ia l a nd lig h tin g re q u ire m e n ts are at the ir lowest) it w ill be advantageous to increase the v o lum e of w ater above the d a m by p u m p in g even beyond conditions th a t in other circum stances w o u ld n o t be advisable.
It is a n tic ip a te d th a t p ro d u c tio n w ill reach a n d even exceed the 500 000 000 kilow att-hours expected a n n u a lly fro m the p la n t : in other w ords, m ore th a n one h u n d re d th of hydro-electric p ro d u c tio n in France. T his m a y n o t seem a great deal, b u t it represents the com bined c o n s u m p tio n of the three to w n s of Brest, Rennes a n d L e M a ns. T hus, fo r the firs t tim e in the h is to ry o f the w orld, blue coal w ill be used on a n in d u s tr ia l scale : a n d oddly, it w ill be the E m e ra ld coast th a t w ill owe its p rio rity in this respect to the size of its tidal-range. N ow th a t the Ranee tidal-energy in s ta lla tio n has been com pleted, the question of th e Chausey Islan d s enterprise w ill come up. A lth o u g h this p la n t w o u ld provide enorm ous q u a n titie s of pow er, produced w ith great re lia b ility a n d w ith no p o llu tio n , these co nside ration s are n ot in themselves sufficient fo r the go-ahead. E conom ics g enerally has the w h ip -h a n d of technology, as we saw in the case of the R an e e scheme, a n d vario us other factors m u s t com e in to it, am o ng the chief being c om pe titio n fro m other sources o f pow er a n d their prospects for tile fu tu re .
It has been estim ated th a t the w ork in v o lv e d for the Chausey Isla n d s p la n t w o u ld tak e abo u t fifte e n years, a n d call for a total e x penditure of 20 000 m illio n present-day francs. T his cost, acceptable w ith the present price of pow er, m ig h t w ell become excessive as a result of the developm ent a n d im p ro v e m e n t of other m ethods of p ro d u c in g electricity.
Moreover, a lth o u g h in France hydro-electric in s ta lla tio n is a p p ro a c h in g its end th r o u g h lac k of fu rth e r suitable sites, the fu tu re seems safe enough. O il-producers are o ptim istic, for the discovery of deposits of oil a n d n a tu r a l gas is ke ep ing pace at present w ith the increase in con su m p tio n , a n d the experts believe th a t it w ill be a long tim e before this ceases to be so.
Those w h o p in their fa ith to a to m ic energy are e q u a lly o p tim is tic : fission-energy, I m e an (since in the case o f fu s io n energy, th a t o f the H-bomb, the o n ly one th a t is p ra c tic ally "c le a n " as they like to call it, a n d is a lm o s t inexhaustable, its harnessing s till re m a ins a d ista n t id eal).
I n the case o f the form er, som e u n h a p p y m in d s m a y be w orried by the large q u a n titie s of radio-active w aste its use leaves b e h in d --whose disposal is o f deep concern to in te r n a tio n a l o p in io n --a n d m a y fear, too, th a t w o rld reserves of u r a n iu m w ill be squan d ered pretty q u ic k ly , b u t those w ho are a t present in control of the po litics of power p ro d u c tio n are tru s tin g to new m ethods th a t w ill m ake it possible greatly to reduce the v o lum e of w aste, w h ic h can the n be n eu tralised by being b u rie d in deep excavations reserved for th a t purpo se; they believe too th a t u ra n iu m , like oil, exists in m u c h larger q u a n titie s th a n is im a g in e d a n d th a t relatively poor ones, still excluded fro m estimates, m ig h t very w ell be used at a later date.
T hus circum stances h a rd ly favour the construction of the Chausey Is la n d s in s ta lla tio n ，a n d it is a lm o s t certain th a t neither our o w n nor a 】 ater ce n tu ry w ill see it b u ilt. H a d the decision w hether to go ahead even w itłi the RancG scheme been ^o s t^o n e d u n til n<xw, it would. probçiî>l"v Iibvp been tu rn e d dow n. A lready in 1923, in a w o rk on tides a nd their in d u s tr ia l a p p lic a tio n , the know ledgeable In g é n ie u r hydrographe E ugène F i c h o t was w r itin g : " It is m ost re m ark ab le th a t of a ll the forces th a t N ature has h a n d e d over to us in tu r n , those whose secret she has guarded the m ost je a lo u s ly seem at the sam e tim e to allo w themselves to be harnessed the m ost readily.
" It was o n ly yesterday th a t electricity was m astered a n d already m a n has no m ore obedient or a d aptab le servant. H a rd ly had w e succeeded in c o n tro llin g explosion, th a t other u n ta m a b le force，th a n straightaw ay the b ro k e n w ings o f Icarus took on new a nd u n d y in g life. A n d w ho can read the secrets w a itin g for us in intra-ato m ic energy ?
" O n the other h a n d the ocean has been w ith us since m a n k in d 's in fa n c y , offering us the ceaseless m ovem ent of its waters : a n d yet we have h a r d ly yet succeeded in p u ttin g to w o rk this inex haustible source of energy re ad y to our h a n d . "
It is, indeed, a paradox th a t in his h u n t for pow er m a n has alw ays tu rn e d to p r im a r y or secondary sources that are m ore a nd more in c o n s p i cuous, w hile the m o v e m e nt of the seas a nd of the atm osphere m ake h im a wide-open offer of in ex h au stib le reserves of power. There is，however, a n obstacle to the in d u s tria l e x p lo ita tion of these vast resources, a n d it lies n o t so m u c h in the irre g u la rity o f their m anife statio n s as in th e ir low area-density ; this obliges us to tap th e m over very w ide expanses a n d ，in order to do so, to construct vast w orkings w h ic h o ur age is still nervous o f u n d e rta k in g . However, the a b a n d o n m e n t of the a m b itio u s Chausey Islan d s pro je ct sh o u ld n o t b lin d us to the re sou n d ing success of the R anee tidal-energy in sta lla tio n . J u d g in g fro m the interest in the new s ta tio n show n abroad, it m ay w ell, we believe, serve as a prototype for other such plan ts. A lready in F rance, the Pierre B énîte， s low-head p lan ts o n the R hone, a nd G erstheim 's o n the R hin e , have been equipped w ith p o w e rfu l bulb-units, of 20 000 a n d 24 000 kilow atts respectively; a n d this w o u ld never have been considereed h a d not the special requirem ents of the Ranee p la n t b ro u g h t out the advantages accruing fro m this type of generator.
T hus in the irresistible m a rc h of progress every new great u n d e rta k in g bears fr u it in the n u m b e r o f special problem s it raises fro m its conception to its final completion : problems whose solution does not simply affect the eases that brought them light, hut also serves to enrich and rejuvenate the great store of techniques available to experts. Moreover hum an qualities are an essential factor in carrying out large enterprises. The engineers who were the first to build a powerful tidal-energy installation showed I heir boldness in tackling a new type of work. The carrying out of the detail made constant demands on their ingenuity and energy of spirit. They follow worthily in the footsteps of those who opened the Suez Canal, who built the Eiffel Tower, the liners Normandie and France and perfected the Caravelle. It is to be hoped that the new great tunnel enterprise linking France and Great Britain w ill provide one more occasion of m aking good use of the genius of such designers and builders. 
